Doxorubicin (DXR), having double intramolecular hydrogen bonds, is theoretically investigated with an aim to explore the excited-state intramolecular double proton transfer (ESIDPT) mechanism regarding stepwise versus synchronous double proton transfer. The changes in the calculated primary bond lengths and bond angles testify that the intramolecular hydrogen bonds (O 1 -H 2 /O 3 and O 4 -H 5 /O 6 ) are both strengthened in the S 1 state (ca. the S 0 state), which provides the possibility for the ESIDPT reaction. We adopt the TDDFT and CIS methods coupled with transition state (TS) theory to further elucidate the ESIDPT mechanism. The potential energy surfaces (PESs) are successfully constructed using different basis sets. Three kinds of stable structure are found on the S 1 PES. Herein, we establish a new elaborated ESIDPT mechanism for DXR. This new mechanism unambiguously excludes synchronous double proton transfer, while the stepwise double proton transfer mechanism is theoretically confirmed. This systematic investigation into the photophysical properties of the antineoplastic drug DXR may be significant in obtaining fundamental insight into the transport mechanism of DXR inside cultured cells.
Introduction
Ever since Weller's rst report on excited-state intramolecular proton transfer (ESIPT) reactions based on salicylic acid and its derivatives, 1 excited-state intramolecular reaction dynamics are overwhelmingly studied both experimentally and theoretically. [2] [3] [4] [5] In particular, the proton transfer reaction triggers enormous interest due to the property of charge redistribution, which can be applied to molecular switches, 6,7 laser dyes, 8, 9 chemosensors, 10,11 UV-photostabilizers, 12, 13 molecular recognition, 14, 15 and so on. Moreover, the tautomer generally exhibits a large Stokes shied emission, which is essential for the fabrication of organic light-emitting devices. [16] [17] [18] From a molecular point of view, proton transfer can, in general, be divided into intermolecular and intramolecular cases. ESIPT, compared with the former, takes place on a unimolecular basis which avoids bimolecular complicacy, most intermolecular interactions, and most entropic effects. The prerequisite for ESIPT lies in the formation of intramolecular hydrogen bonds. Recent advances reported by Han and co-workers show that excitedstate hydrogen bond behaviour plays a vital role in photochemical reactions (e.g. uorescence quenching, spectral shis, excited-state proton transfer, etc.). [19] [20] [21] For example, Zhao et al. systematically demonstrate that the intermolecular hydrogen bond is observably strengthened in the excited-state using coumarin 102 and phenol as a hydrogen bonding (H-bonding) prototype. 22 This strong intramolecular hydrogen bond provides the possibility for an ESIPT reaction.
Most ESIPT reactions involve a single-proton transfer. [23] [24] [25] However, in biological systems, there exist many double-or multiple-proton transfer cases. In these cases, the single-proton transfer case is not sufficient to mimic the aforementioned proton transfer reactions. Unfortunately, to the best of our knowledge, reports referring to the ESIDPT mechanism of biological systems containing two protons are sparse. [3] [4] [5] Anthracycline antitumor antibiotics (ACAAs), which are glycosides produced by actinomycetes, are clinically one of the most widely used anticancer drugs. An ACAA is an anthracene ring attached to a six-membered ring-based side chain and an aminosaccharide. It can intercalate into DNA double-stranded polynucleotides, increasing the distances between adjacent DNA base pairs and causing DNA fragmentation. 26 Doxorubicin (DXR), a member of the ACAA family, is a topoisomerase II (Top 2)-targeting drug, which is one of the most effective anticancer drugs used in clinical applications. 27 However, DXR-based chemotherapy can increase the risk of developing cardiac toxicities, including cardiomyopathy and congestive heart failure. [27] [28] [29] Over the years, considerable efforts have focused on devising a drug delivery system that can eliminate these adverse affects, including liposome, hydrogel and nanoparticle (NP) systems. [30] [31] [32] For instance, Nowicka et al. report magnetic ferrite nanoparticles (NPs) which are of a relatively low toxicity. 33 The experimental results indicate that aer binding to the magnetic NPs, the DXR molecules are still capable of intercalating the dsDNA helices. That is to say, the DXR-NP system can improve survival and efficacy in vivo. Herein, the uorescence characteristic of DXR-delivery systems acquires extensive attention. 34, 35 Unfortunately, studies into the photophysical properties of DXR are sparse. Sturgeon and Schulman observe the protolytic equilibria of DXR at different pH values through spectrophotometric determination. 36 Subsequently, the phenomenon of intramolecular double proton transfer in DXR was systematically investigated for the rst time by Kumar and co-workers. 37 Kumar et al. experimentally observe dual uorescence bands, and prove theoretically a hypothesis about the ESIDPT mechanism of DXR.
Considering this ambiguous and decient mechanism, we report the comprehensive photophysical properties and ESIDPT mechanisms for DXR in acetonitrile in this paper. On the one hand, DXR has 4 six-membered rings. One of them is a nonplanar, nonaromatic ring attached to an aminoglycosidic side chain. Also, the light-absorbing moiety (i.e. the chromophore) is three planar and aromatic hydroxy anthraquinonic rings. The presence of multiple functional groups makes DXR show excellent photophysical properties. On the other hand, DXR possesses a hydroxyl group and a carbonyl oxygen in close proximity, which promotes the formation of intramolecular double hydrogen bonds. Interestingly, the results of this study reveal that the ESIDPT reaction can only occur in a stepwise manner. Details of the results and discussions are elaborated as follows.
Computational details
The structures of doxorubicin (DXR) and its tautomers in acetonitrile (ACN) are optimized by the long-range-corrected (LRC) functional CAM-B3LYP 38 with the 6-311+G(d,p) basis set for the ground-state (S 0 ) and by the time-dependent (TD) functional CAM-B3LYP with the 6-311+G(d,p) basis set for the rst singlet excited-state (S 1 ). The vertical S 0 / S 1 excitation and S 1 / S 0 emissions are calculated by time-dependent density functional theory (TD-DFT) at the CAM-B3LYP/6-311+G(d,p) level. Vibrational frequency calculations of the optimized structures are carried out specically to see if any imaginary frequency is obtained. The solvation effects in ACN are considered using the integral equation formalism variant of the polarizable continuum model (IEFPCM). 39 All of the singlepoint energies, NPA charges and ESP are calculated based on the CAM-B3LYP/6-311+G(d,p) method. Furthermore, the above CAM-B3LYP/6-311+G(d,p) calculations are checked by full calculations using the uB97XD 40 functional with a 6-311+G(d,p) basis set.
The potential energy curves (PECs) of the S 1 state are calculated by setting the bond distances of the corresponding O-H to a series of various values while the other atoms are relaxed. The PECs thus-obtained give a clearer picture of the stepwise nature of this ESIDPT reaction. The excited-state stepwise mechanism is conrmed by the S 1 PEC calculations at the uB97XD/6-311+G(d,p) level. In addition, transition state (TS) theory is also applied to verify the stepwise ESIDPT process. Firstly, we search the TS structures in the S 1 state using the CIS/6-311+G(d,p) method, starting from an educated guess based on placing the hydrogen atom being transferred between the hydrogen donor and acceptor, and on adjusting the bond lengths affected by the proton transfer. Then, Hessian calculations are carried out at the guessed TS structure to obtain the force constants. 41 By the Berny optimization method, our obtained TS structures are conrmed to be only one imaginary frequency, and its vibrational eigenvector points in the correct direction. All the theoretical calculations are carried out using the Gaussian 09 program. 42 The above methods are successfully accomplished to elaborate the ground-state and excited-state proton transfer processes. [43] [44] [45] [46] 3 Results and discussion
Structural characterizations
Based on the DFT and TD-DFT methods for the S 0 and S 1 states, four stable structures are found, i.e., the normal form (DXR-N), the single proton transfer forms (DXR-AS and DXR-BS), and the double proton transfer form (DXR-D) for the DXR molecule. Fig. 1 shows the optimized structures of DXR and its protontransfer tautomers, while the corresponding structural parameters are summarized in Table 1 
Electronic spectra and charge distributions
It is known that B3LYP can be quite accurate for aromatic molecules, but it can sometimes lose efficacy when a chargetransfer (CT) state is involved. 47 Recently, a series of so-called LRC functionals were widely used to investigate the excitedstate properties of large molecules. 48, 49 Hence, absorption and emission spectra of DXR simulated at both the B3LYP and CAM-B3LYP functionals are shown in Fig. S1 (ESI †) and are compared with the experimental results. 37 For the absorption spectra of DXR, the simulated result with the B3LYP functional is in good agreement with the experimental absorption band localized at 475 nm, while the peaks calculated with the CAM-B3LYP functional are slightly blue-shied (see Fig. S1 †) . This could be caused by the LRC, which can avoid underestimating the energy of the excited CT state but also raises the energies of the non-CT state. When the ESIPT reaction is associated with CT, the B3LYP functional predictably loses efficacy. 49 The uorescence peak of DXR-D is calculated as 680 nm at the B3LYP level, which is great different to the 575 nm in the experimental spectrum. However, the uorescence peak at 577 nm simulated by CAM-B3LYP agrees well with the experimental result ( Fig. S1 †) . Although the peaks in the absorption and emission spectra of DXR are slightly different from the experimental spectra, CAM-B3LYP would clearly be the better choice in this work.
In addition, we calculate the uorescence peaks of the single and double proton-transfer tautomers based on the TD-CAM-B3LYP method, which are at 578, 572 and 577 nm, respectively (Fig. 2) . Note that the peak values (i.e., 578, 572 and 577 nm) may all correspond to the experimental value 575 nm. In the experimental study, Kumar et al. report that the 575 nm peak is attributed to the double proton-transfer form DXR-D. 37 Furthermore, the electronic spectra simulated at the uB97XD/6-311+G(d,p) level are consistent with the above results (Fig. S2 , ESI †). According to our simulation, because of the tiny difference between the three uorescence peaks, it is hard to distinguish and attribute to the DXR-AS, DXR-BS or DXR-D forms. Herein, we expect that additional experimental study will corroborate or refute our computed result.
The above spectroscopic results lead to two cases. One is that the potential barrier between DXR and DXR-D is too high to cross, so that only the stepwise ESIDPT occurs, generating two intermediates (i.e. DXR-AS and DXR-BS). The other case is that the potential barrier between these two forms is not too high to cross, so that the ESIDPT reaction can take place in a synergic manner. Which pathway is more dominant? We will elaborate in the following discussion about the potential energy curves.
Furthermore, the electron density difference (EDD) maps between the S 0 and S 1 states as well as the HOMO and LUMO maps involved in the S 0 / S 1 transition of DXR-N and DXR-D systems in acetonitrile solvent are plotted in Fig. 3 . Table 2 indicates that the S 0 / S 1 transition is of the HOMO / LUMO type. The EDD map of DXR-N shows that there is a net electron density shi from the hydroxyl group to the carbonyl oxygen, which facilitates the ESIDPT reactions. The results obtained from the HOMO-LUMO maps clearly indicate that upon excitation of DXR, the hydroxyl proton is expected to be more acidic, whereas the carbonyl oxygen is more basic (ca. the S 0 state), driving the ESIDPT reactions.
In addition, the electrostatic potential (ESP) and natural bond orbital (NBO) analyses for DXR-N and DXR-D are obtained for a preliminary prediction of the potential H-bonding sites. As plotted in Fig. 4 , for DXR-N and DXR-D, the positive charge zones mostly focus on the H atoms of the hydroxyl group, which indicates that they are clearly a series of H-bonding donating sites. The negative charge zones are mainly located near the O atoms of the hydroxyl groups and carbonyl groups, which demonstrates that these regions will be the potential H-bonding accepting sites (i.e. binding sites). For DXR-N, NPA charges depict that the H atoms on the hydroxyl groups (H 2 and H 5 ) possess much larger positive charges than the other hydrogen atoms, which further demonstrates that H 2 /O 3 and H 5 /O 6 may form strong intramolecular hydrogen bonds. Similar results are also reected at the uB97XD/6-311+G(d,p) level ( Fig. S3 and S4 , ESI †).
Mechanism analyses
To explore whether single proton transfer (SPT) or double proton transfer (DPT) happens, and to further reveal the detailed mechanism of the ESIDPT process of DXR in acetonitrile, the S 0 and S 1 state geometrical structures are optimized with xed O 1 -H 2 and O 4 -H 5 bond lengths at the CAM-B3LYP/ TD-CAM-B3LYP levels. Herein, we construct the PECs of the S 1 state, as shown in Fig. 5 . The potential barriers among the minima in the S 1 state are calculated as follows: 0.00 kcal mol À1 is needed to cross from point A to point C and from point C to point B 2.02 kcal mol À1 is needed; 0.46 kcal mol À1 is needed to cross from point A to point D and from point D to point B 1.07 kcal mol À1 is needed; and an 11.03 kcal mol À1 potential barrier separates point A from point B. It can be seen clearly that compared with the SPT processes, the DPT process needs to cross a higher barrier (>11 kcal mol À1 ). That is to say, the synchronous ESIDPT is not possible. Subsequently, we simulate the PESs using the different functionals B3LYP and uB97XD, as shown in Fig. S5 and S6 (ESI †), while the corresponding data are summarized in Table 3 . Obviously, whether it is the SPT or the DPT processes, there exist high barriers (>5 kcal mol À1 ) in the S 0 state (Fig. S5(c and d) †) . Upon electronic excitation, the SPT and DPT potential energy barriers dramatically decrease (Fig. S5(a  and b ) †). However, compared with the SPT process, the energy barrier of the DPT process is slightly higher (<2 kcal mol À1 ), which is not convincing enough to rule out the DPT mechanism. Hence, the simulated results are tted with the DXR system based on the long-range-hybrid functionals. This phenomenon is consistent with the discussion in section 3.2. Moreover, the calculated PECs (Fig. S6 †) verify the above ESIDPT mechanism at the uB97XD/6-311+G(d,p) level. Therefore, we delineate the stepwise double proton transfer process as follows: rstly, the DXR molecule is excited from S 0 to S 1 with the structure identied as point A; the O 1 -H 2 /O 3 and O 4 -H 5 /O 6 hydrogen bonds are strengthened aer excitation. Then, due to negligible barriers, the point A structure can transfer one proton from the hydroxyl O to the carbonyl O atom, thereby forming the C or D isomer. Subsequently, the other proton is transferred due to the 1-2 kcal mol À1 potential barriers, forming the B structure. It should be noted that the two successive single proton transfer processes (i.e. A / C / B and A / D / B) are competitive in the S 1 state. Compared with each other, the reverse proton transfer processes among these minimum points can also occur through a synchronous double proton transfer process (i.e. B / A), summarized in Table 3 . In turn, through the S 1 / S 0 internal conversion (IC) process, B, C and D structures can emit uorescences of 578, 572 and 577 nm, respectively. Due to the low barriers, aer the radiative transition, the unavailable B structure (shown in Fig. 5(b) and (d)) can reverse either single proton forming the C or D structure, or double protons forming the A structure. Similarly, the C and D structures can also reverse the other proton, forming a structure because of the low barriers.
To obtain more accurate potential energy barriers, the CIS/6-311+G(d,p) method is used to search the excited-state TS structures, and all of the TS structures are shown in Fig. S7 (ESI †). By the Berny optimization method, our calculated TS structures are conrmed to be only one imaginary frequency, and its vibrational eigenvector points in the correct direction. Zero-point energy corrections are also performed according to the harmonic vibrational frequencies. All the potential energy barriers are shown in Table 3 . The corresponding imaginary frequencies for the TS structures are listed in Table S1 (ESI †). In fact, only the TS structures can be found along with the stepwise ESIDPT path in our calculations, which is consistent with the above conclusion that the ESIDPT mechanism of DXR is sequential rather than concerted in the S 1 state.
Conclusion
Based on multiple functional simulations, we show clearly that DXR, containing double intramolecular hydrogen bonds, undergoes a stepwise double proton transfer reaction. Unfortunately, as shown in the S 1 PECs, the sequence of the two proton (H 2 and H 4 ) transfers is uncertain because of the tiny difference between the potential barriers. That is to say, two successive single proton transfer pathways (i.e. A / C / B and A / D / B) are competitive in the S 1 state. Nevertheless, the synchronous double proton transfer mechanism can be really ruled out due to non-negligible barriers. What's more, the systematic investigation into the ESIDPT mechanism of DXR provides fundamental insight into the binding of DXR to DNA and the photophysical properties of DXR inside cultured cells.
In addition, this theoretical research complements earlier related work, 37 and predicts two experimentally unobserved uorescence peaks at 578 and 572 nm (calculated values) of the single proton transfer tautomers. The reason this is neglected experimentally is that it is difficult to distinguish between the tiny difference of the uorescence peaks in tautomers. We hope that this study will encourage additional experimental work to corroborate or refute our prediction.
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